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We describe a novel plasma source developed at the Max Planck Institute for Physics that will be used for
a proton driven plasma wakeﬁeld accelerator experiment at CERN. Rubidium vapor is conﬁned in a
10 meter -long, 4 cm diameter, oil-heated stainless steel pipe. A laser pulse tunnel ionizes the vapor
forming a 10-meter long,  1 mm radius plasma with a range of densities around  1015 cm3. Access to
the source is provided using custom manufactured fast valves. The source is designed to produce a
plasma with a density uniformity of at least  0:2% during the beam–plasma interaction.
& 2013 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Plasma-based advanced acceleration is a topic of much con-
temporary interest. Accelerating ﬁelds orders of magnitude higher
than in conventional radio-frequency-based accelerators can be
produced with plasma-based accelerators. For the plasma wake-
ﬁeld accelerator scheme where a charged particle bunch creates
the wakeﬁeld, the accelerating ﬁeld is related to the inverse of the
bunch length of the drive bunch sz (with the condition that the
plasma wavelength is equal to 2πsz); therefore, shorter bunches
are needed to reach higher accelerating ﬁelds. Recently the
AWAKE collaboration proposed a Proton Driven Plasma Wakeﬁeld
Accelerator (PDPWFA) experiment in order to take advantage of
the energy of a single CERN SPS bunch ( 7 kJ). With this scheme
it could be possible to accelerate an electron bunch in a single
plasma stage for a future linear e =eþ collider. Since short
( 100 μm) proton bunches are not yet available, the proposed
experiment relies on the self-modulation-instability [1] to reso-
nantly drive GV scale accelerating ﬁelds. In the experiment a
12 cm sz, 400 GeV CERN SPS proton bunch enters a 10 meter-
long,  1 mm radius  1015 cm3 density plasma. The transverse
self-modulation-instability causes the proton bunch to self mod-
ulate and transforms it effectively into a train of micro-bunches.
The train resonantly drives large accelerating ﬁelds (GV). In this
wake a  20 MeV co-propagating electron bunch is injected and
accelerated. Accelerating an electron bunch in such a wake brings
a strict requirement on the plasma density uniformity. It can be
estimated as follows: After the electron bunch is injected the
maximum phase shift allowed so that it remains in the
accelerating and focusing phase of the wake is λpe=8 [2] where
λpe is the plasma wavelength, which is inversely proportional to
the square root of plasma density, λpep1=
ﬃﬃﬃﬃﬃ
ne
p
. Therefore the
following relation can be written between the change in plasma
wavelength and the density
dλpe
λpe
¼ dne
2ne
:
If the injected bunch is located N plasma wavelengths behind the
point where the wakeﬁeld starts, then the total allowed phase
shift at the injection point is
Nλpe
Δnmax
2ne
¼ λpe
8
where Δnmax is the maximum allowed perturbation for a given
plasma source. Hence, for a CERN proton bunch with sr ¼ 0:2 mm,
sz ¼ 12 cm, and optimum plasma density (corresponding to
λpe=2π sr) of 71014 cm3 (sz  100λpe), choosing N¼100 the
point where the accelerating ﬁeld reaches its maximum along the
bunch, the requirement on plasma density uniformity becomes
Δnmax
ne
r0:0025:
For 11015 cm3 the requirement is Δnmax=ne≲0:002, therefore
our design criteria for the cell is chosen to be 0.2%.
This strict requirement can be satisﬁed by a fully ionized Rb
vapor conﬁned in a closed long tube at a constant temperature, T.
The low ionization potential of Rb, 4.18 eV, makes it possible to
fully ﬁeld-ionize Rb vapor with a relatively low laser intensity. A
more detailed description of ionization is given later in the text.
Since the vapor is fully ionized (ﬁrst electron), the density and the
uniformity of the plasma are the same as those of the neutral
vapor. Therefore, in this case, providing uniform vapor density is
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equivalent to providing uniform plasma density. The density
uniformity of such a closed system can be estimated as follows:
the density ﬂuctuations can be related to temperature ﬂuctuations
for an ideal gas with the ideal gas equation:
p¼ nkT
where p is pressure, n is density and k¼ 1:38 1023
m2 kg s2 K1 is the Boltzmann constant. At constant pressure,
density and temperature ﬂuctuations are related by
Δn
n
¼ΔT
T
:
The ﬂuctuations result from two sources: the externally imposed
and internal ﬂuctuations. The internal ﬂuctuations are estimated
from the average value of temperature ﬂuctuations for an ideal gas
[3] at temperature T which is given by
〈ðΔTÞ2〉¼ kT
2
cV
where cV is the heat capacity at constant volume. This can be put
in a useful form to calculate the temperature uniformityﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
〈ðΔTÞ2〉
T2
s
¼
ﬃﬃﬃﬃﬃ
k
cV
s
50:002:
Therefore the externally imposed ﬂuctuations dominate and hence
a density uniformity of Δn=nr0:002 can be achieved with a
temperature uniformity of ΔT=Tr0:002.
2. Description of Rb vapor source
Rubidium is chosen because of its low ionization potential
(URb ¼ 4:177 eV), and relatively low temperature requirement to
obtain the desired vapor density when compared to other alkali
metals. Rubidium has a melting temperature of 38.89 1C, conse-
quently it is in solid form at room temperature. The temperature
range in order to reach the required densities is  150–200 1C.
This is determined by the vapor pressure curve of Rb [4] (see
Fig. 1). Independently heated liquid reservoirs provide the desired
Rb vapor density inside the 10 m-long 2 cm radius pipe. A sketch
of the vapor plasma source is given in Fig. 2(a). Proton, electron
and laser beams enter and exit the source through fast valves.
Valved Rb sources with temperature regulation of 70.03 K will be
purchased from MBE-Komponenten incorporated [5] Fig. 2(b).
They contain only a few grams of Rb. An advantage of having
two independent heating systems for the reservoirs and the pipe is
that by keeping the temperature of the pipe a few degrees above
that of the reservoirs prevents condensation of Rb in a cold spot
inside the pipe, all the condensation occurs in the reservoir.
Rubidium is known to form dimers and clusters at these
densities [6]. However, the number of dimers or clusters is
expected to be small when compared to the number of single
atoms. In addition, a fraction of non-atomic species will not effect
the plasma density uniformity unless they are themselves non-
uniformly distributed in this constant temperature environment.
Several methods are described in literature to get rid of these
dimers [7], such as by super heating the vapor or by using a diode
laser tuned across Rb2 D2 resonance line. It is also possible that
after the passage of the beams the clusterization may be enhanced
by plasma electrons seeding [8]. Since the reservoir and the source
can be independently heated and isolated it is possible to get rid of
non-atomic species by dumping the vapor onto a cold plate at
room temperature and completely reﬁll the source from the
reservoirs between events.
Vapor density can be determined by using the vapor pressure
curves [4,9,10] or using the hook method. In this method the
source is placed in one arm of a Mach–Zehnder white light
interferometer, and interference patterns that resembles hooks
resulting from the ground state absorption lines of the vapor
element [11,12] are measured.
Uniformity of 0.2% means the temperature should not change
more than 0.85 K at 423 K (i.e. 150 1C) and 0.95 K at 473 K (i.e.
200 1C). Therefore for the required temperature range the source
needs to remain at T  70:4 K. In the literature it is reported that
to set the temperature standard in the temperature range 50–
350 1C, stirred liquid baths containing a synthetic or mineral oil
[13] are used. For example a small 50 cm deep liquid bath can
provide a uniform temperature with ΔTo1 mK i.e. ΔT=Tr2
106 at T¼473 K, 1000 times better than the requirement for the
plasma source.
A custom built circulating oil bath is developed to reach the
temperature uniformity (see Fig. 3). A simple calculation for the
temperature change of hot oil ﬂowing through an insulated pipe
over 10 meters demonstrates the feasibility of such a system: Steady
state solution energy balance leads to a simple equation [14]
ΔT ¼ ðT0TrÞ
z
λT
where z is the position along the pipe, ΔT ¼ TðzÞT0, T0 is the
temperature of the oil at the entrance of the pipe and Tr is the
surrounding ambient temperature. The constant is λT ¼ cpω=U2πro,
where cp is the heat capacity per unit mass of the oil, ω¼ ρvπr2o the
mass ﬂow rate, ρ the oil density, ro the pipe radius, v the oil ﬂow
Fig. 1. Rubidium vapor density (blue line) and vapor pressure (green dashed line)
as a function of temperature. Region between 11014 cm3 and 11015 cm3,
and the corresponding temperature show the parameter range of interest for the
PDPWFA. (For interpretation of the references to color in this ﬁgure caption, the
reader is referred to the web version of this article.)
Fig. 2. (a) Sketch of the plasma source. Two independently heated sections consist
of a 10 m long Rb vapor section with fast valves for proton, electron and laser beam
access and valved Rb liquid reservoirs. (b) Photo of the valved Rb liquid reservoir by
MBE Komponenten incorporated.
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speed, and U the overall heat transfer coefﬁcient. For a cylindrical
geometry U can be approximated as
1
U

rins log
rins
ro
kins
þ 1
ho
where rins is the insulation radius, kins is the conductivity of the
insulation and ho is the combined radiative and convective heat
transfer coefﬁcient. By choosing rins ¼ 10 cm, ro¼5 cm and substi-
tuting the following typical values [15]: kins ¼ 0:05 W=mK,
ho¼10W/m2 K gives U  0:8 W=m2 K. Using a typical pumping
speed for a commercial circulator v¼0.05 m/s, cp¼2 J/kgK,
ρ¼1000 kg/m3 for a 10 m pipe of radius 5 cm gives the following
expression for the temperature drop between the two ends of the
pipe
ΔT  3 103ðT0TrÞ:
Hence we estimate that for ðT0TrÞ ¼ 200 K,ΔT ¼ 0:6 K at z¼10 m.
Note that when the inner rubidium pipe (with radius rRb) is taken
into account the oil ﬂows in an annular region (instead in a full
cylinder). In this case the expression for the oil ﬂow changes to
ω¼ ρvπðr2or2RbÞ. However assuming that the oil ﬂux is constant,
although the oil ﬂows faster in the annular case, the overall
temperature drop does not change. A further reduction in tempera-
ture drop by two folds comes by adopting a geometry with two
inlets for the heat exchanger (see Fig. 3). These estimates indicate
that reaching the required Rb vapor (and therefore plasma) density
and uniformity for the AWAKE PDPWFA experiment is not an issue.
Fast valves provide access for the proton, electron and laser beams.
With opening of the valves vapor starts ﬂowing out, in order to
study this effect one ﬁrst needs to determine the physics regime of
the ﬂow by calculating the Knudsen number (Kn). Kn is the ratio of
the mean free path of Rb–Rb collisions to the diameter of the pipe.
For our experimental parameters Kn  0:1–1, this is the transitional
ﬂow regime. To obtain an estimate of the possible effect of the
valves a molecular ﬂow code MOLFLOW [16] was used. Note that
while MOLFLOW does not describe ﬂows in the transitional regime,
but only in the molecular ﬂow regime, the results can be scaled to
the transitional regime and we deduce from the simulations that for
time scales on the order of several tens of milliseconds the non-
uniformity is conﬁned only to few centimeters away from the
valves. These short non-uniform sections at both ends will have a
negligible effect on the experiment.
To the best of our knowledge valves that can open within
several milliseconds, work under high temperatures and perform
40 000 cycles (estimated number for an experimental run) with-
out service are not available off the self; therefore, custom valves
are currently being developed with VAT incorporated. Note that
the amount of vapor contained in the whole vapor section is
around 1.8 mg.
3. Field ionization of Rb vapor
The required laser parameters to create a 10 m-long and 1 mm
radius plasma using tunneling ionization are estimated ﬁrst with-
out ionization depletion based on the iso-intensity volume
calculation then including laser energy depletion using the split-
step Fourier method.
Tunneling or over the barrier ionization is a threshold ioniza-
tion process. Above a given intensity a Gaussian laser beam will
ionize a dog bone or capsule like region (see Fig. 4). These volumes
can be analytically calculated. The number of gas atoms ionized in
this region gives the energy to produce the required plasma
density [17,18]. The intensity of a Gaussian laser beam is given by
Iðr; zÞ ¼ I0
w0
wl
 2
exp 2 r
wl
 2 !
where wlðzÞ ¼w0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þðz=zRÞ2
q
and w0 is the e2 radius of the
intensity proﬁle at the beam waist i.e. (z¼0). The beam Rayleigh
range is zR ¼ πw20=λ.
In order calculate the ionized volume the boundaries of the
volume integral are determined as follows: Let A¼ Ith=I0 where Ith
is the ionization threshold. For this region the corresponding z
boundaries are found by putting r¼0 in the expression for the
laser intensity; therefore, z boundaries, zB are
zB ¼ 7zR
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1A
A
r
:
The boundaries for r can be found similarly by solving for r for a
given A; hence, the r boundary, r(A) is
rðAÞ ¼wl
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2
ln
w20
Aw2l
 !vuut :
As an example r–z plot of these curves for various A values are
shown in Fig. 4.
Therefore the ionized volume is given by
V ¼
Z zB
 zB
dz
Z rðAÞ
0
r dr
Z 2π
0
dϕ
and gives
V ¼ πw20zR
4ci
3
þ2c
3
i
9
4
3
atanðciÞ
 
where ci ¼ ð1AÞ=A. However this expression is valid when the
gas extends all the way in the vapor volume, otherwise the volume
is given by (see Fig. 4)
V ¼ πLw20 1þ
L2
3z2R
 !
ln
I0=Ii
1þL2=z2R
 !
þ4
3
1zR
L
atanðL=zRÞ
 
þ2L
2
9z2R
 !
where 2L is the plasma length.
Assume that the iso-intensity contour is a dog bone shape. In
this case in order to make sure there is a minimum rP¼1 mm
radius plasma everywhere the laser density at the waist (z¼0,
Fig. 3. A sketch of the circulating oil heating system. Not to scale.
Fig. 4. Iso intensity contours for a given ratio of tunneling ionization threshold (Ith)
to peak intensity (I0) for a Gaussian laser, A¼ Ith=I0. Dashed lines show the
boundary of the vapor volume.
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r¼ rP) must be equal to the ionization threshold i.e.
I0 ¼ Ithexpð2r2P=w20Þ. We plug this into the volume expression for
various spot sizes (w0) and for Rb to obtain the energy required to
ionize this volume. The threshold for ionization for Rb is Ith ¼ 1:7
1012 W=cm2 [18]. For this calculation gas density is taken as
1015 cm3 (the highest density envisioned for AWAKE). The result
of the calculation is shown in Fig. 5. This simple calculation shows
that the required energy to ionize such a volume is  20 mJ.
4. Laser pulse energy depletion calculation using the split-step
Fourier method
We now calculate the ionization energy by including the laser
energy depletion by ionization. We start with the paraxial wave
equation. Assuming that a linearly polarized wave propagating in
the z direction. The wave equation in vacuum is
∇2? þ2ik0
∂
∂z
 
Eðx; y; zÞ ¼ 0 ð1Þ
where k0 ¼ 2π=λ¼ω=c, speed of light c¼ 2:9979 108 m=s. Given
the initial laser proﬁle we can take the Fourier transform of the
ﬁeld in the transverse direction to obtain ~Eðkx; ky; zÞ then the wave
equation becomes
k2xþk2yþ2ik0
∂
∂z
 
~Eðkx; ky; zÞ ¼ 0 ð2Þ
The solution of this equation is ~Eðkx; ky; zÞ ¼ ~Eðkx; ky;0Þe iðk
2
x þk2y Þz=2k0
this solution can be inverse Fourier transformed to obtain E(x, y,z).
The laser depletion can be added as a source term on the right side
of the wave equation [19], where
S¼ 2ik0
ϵ0
URb
jEj2
∂ne
∂ct
Eðx; y; zÞ:
We simplify our calculations by integrating over the Gaussian
pulse duration, therefore
S¼ 2ik0
ϵ0
URb
jEj2
ne
cπst
Eðx; y; zÞ
with the source term the wave equation is
∂Eðx; y; zÞ
∂z
¼ i
2k0
∇2? þ
1
ϵ0
URb
jEj2
ne
cπst
 
Eðx; y; zÞ ð3Þ
Let
O^1 
i
2k0
∇2?
and
O^2 
1
ϵ0
URb
jEj2
ne
cπst
:
This equation has no analytical solution. However one can take
small steps of Δz and obtain an approximate numerical solution
Eðx; y; zþΔzÞ  eO^1ΔzeO^2ΔzEðx; y; zÞ: ð4Þ
We ﬁrst apply the operator, O2 in real space then Fourier transform
it and apply the operator O1. This is called the split-step Fourier
method [20]. Plasma density is evaluated at each step. The plasma
density is equal to the neutral gas density (1015 cm3) if the laser
intensity is above the ﬁeld ionization threshold and zero other-
wise. The initial Gaussian ﬁeld is taken as
Eðx; y; zÞ ¼
ﬃﬃﬃﬃﬃﬃﬃ
2I0
cϵ0
s
ðw0=wlÞe iatanðz=zRÞeðx
2þy2Þðikz=2zR2ð1þ z:2=zR2Þ1=w2l Þ ð5Þ
with wavelength, λ¼ 0:8 μm. Laser intensity is I ¼ jEj2cϵ0=2. Now
we apply this method to study the problem. For example for a
st ¼ 100 fs laser pulse with w0 ¼ 1 mm the initial peak intensity is
set so that the intensity at r¼ 1 mm at the waist is large enough to
ionize: I0 ¼ Ith expð2r2=w20Þ i.e. I0 ¼ 7:4Ith. However, this initial peak
intensity is not enough to create a 1 mm radius plasma channel
along 10 m because of depletion as shown in Figs. 6 and 7 where
the laser intensity is depleted and the plasma radius becomes less
than 1 mm. The total laser pulse energy is plotted in Fig. 8. The
initial laser energy is  49:5 mJ and over 10 m the laser loses
 20:5 mJ.
Fig. 5. Energy required to ionize the dog bone shape region for 10 m long Rb gas
with plasma radius 1 mm at the waist for various laser spot sizes. w0 is the laser
spot size (intensity at 1=e2 at the waist, z¼0 ).
Fig. 6. Intensity proﬁle along z for a st ¼ 100 fs laser pulse with w0 ¼ 1 mm and
I0 ¼ 7:4Ith .
Fig. 7. Plasma radius vs z for a st ¼ 100 fs laser pulse with w0 ¼ 1 mm and
I0 ¼ 7:4Ith .
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In order to reproduce Fig. 5 of the previous section to ﬁnd the
minimum energy required to create a 10 m plasma of 1 mm radius,
we ﬁrst vary the peak intensity for a given w0 until we ﬁnd the
minimum I0 that satisﬁes this condition. Using these I0 values we
plot the total laser energy and the energy loss in Fig. 9). The
minimum energy for the st ¼ 100 fs laser pulse is with
w0  1 mm is  67 mJ, the depletion loss is  26 mJ. The corre-
sponding plasma proﬁles are shown in Fig. 10. These calculations
are also performed for st ¼ 30 fs (see Figs. 11 and 12). The
minimum pulse energy is again for w0  1 mm, with a total pulse
energy of  48 mJ and the depletion loss of  33 mJ. This
calculation is done to ﬁnd the minimum laser energy required
to satisfy the vapor source requirement; however, taking a safety
factor into account in the experiment, a laser that is capable of
producing 2–3 times more energy than the calculated minimum
requirement will be purchased. For example, for a 100 fs laser
with w0 ¼ 1 mm variation of peak laser power results in the
plasma proﬁles given in Fig. 13. Having a higher peak power and a
larger radius plasma will relax the alignment requirements
between the laser beam (i.e., plasma) and the proton bunch in
the experiment.
Fig. 8. Energy loss as function of z for a st ¼ 100 fs laser pulse with w0 ¼ 1 mm and
I0 ¼ 7:4Ith .
Fig. 9. Blue points represent the total energy of the laser vs laser spot size, w0 to
create a 1 mm radius 10 m long channel. The red circles represent the energy loss
by the depletion term. Dashed lines are drawn to guide the eye. For
w0 ¼ 0:8–1:8 mm the peak laser intensities, I0 are 30Ith, 10Ith, 7Ith, 5.5Ith, 4.3Ith,
3.7Ith, 3.4Ith respectively. Laser pulse length, st is 100 fs. (For interpretation of the
references to color in this ﬁgure caption, the reader is referred to the web version of
this article.)
Fig. 10. Plasma radius vs z for various waist sizes st ¼ 100 fs.
Fig. 11. Blue points represent the total energy of the laser vs laser spot size, w0 to
create a 1 mm radius 10 m long channel. The red circles represent the energy loss
by the depletion term. Dashed lines are drawn to guide the eye. For
w0 ¼ 0:6–1:8 mm the peak laser intensities, I0 are 200Ith, 50Ith, 24Ith, 17Ith, 13Ith,
11Ith, 10Ith respectively. Laser pulse length, st is 30 fs. (For interpretation of the
references to color in this ﬁgure caption, the reader is referred to the web version of
this article.)
Fig. 12. Plasma radius vs z for various waist sizes. Laser pulse st ¼ 30 fs.
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5. Similar vapor sources in the literature
Since this plasma source is so unique it is important to address
the overall feasibility of the source. First of all, a similar device
called a lithium heat-pipe oven has already been successfully used
for electron beam driven plasma wakeﬁeld accelerator experi-
ments at the Stanford Linear Accelerator Center [12,21]. Moreover,
many types of heat pipe devices are ubiquitous in the industry and
in space and function as efﬁcient heat transfer devices [22]. In
literature heat-pipe devices are commonly used for spectroscopic
studies [23]. Heat pipes differ from the Rubidium vapor cell
described here, since the working material in these devices is in
a dynamic equilibrium always condensing and evaporating and
circulating from hot region of the device to the cold region by
means of a ﬁne metal structure called mesh, which surrounds the
inner surface of the heat-pipe. Many, various alkali metal vapor
sources containing only the vapor and a reservoir also exist (see e.
g. [24–29]) working in much higher temperature ranges (500–
1000 1C). These however were only built for spectroscopic studies
in smaller sizes. Although the Rb vapor cell is a unique device in
some aspects, it is clear from these similar devices that there is no
technological barrier in building one.
6. Conclusion
In summary a unique plasma source is needed for the PDPWFA
experiment, a 10 m-long, 1 mm radius,  1 1015 cm3 plasma
with a density uniformity better than 0.2%. The Rb vapor source
described here fulﬁlls these requirements. The oil heating system
provides a very uniform temperature for the static enclosed vapor
and hence an adequately uniform vapor density. The fast valves
enable the passage of the proton electron and laser beams with
negligible disturbance of the density uniformity. Laser ﬁeld ioniza-
tion of Rb vapor source creates a fully ionized uniform plasma with
a modest laser energy and intensity.
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